Background: Motor deficits in children with Autism Spectrum Disorder (ASD) are highly prevalent. High variability of motor output is commonly reported in children with ASD. Visual cueing using an exergame may be an effective intervention to reduce motor variability in children with ASD.
INTRODUCTION
Autism Spectrum Disorder (ASD) is a neurodevelopmental disorder characterized by social and communication impairments, restricted interests, and repetitive behaviors (APA, 2000) . In addition to the core features of ASD, motor deficits are highly prevalent in children with ASD (Berkeley et al. 2001; Green et al. 2009; Fournier et al. 2010; Barrow et al. 2011; Liu 2014 ) with approximately 8 in 10 children with autism showing definite motor impairments (Green et al. 2009 ). Motor control impairments are one of the earliest signs of autism emerging as early as 7 months (Leonard et al. 2014) , whereas core social communication deficits emerge later when infants are ~2 years old.
Although the motor impairments observed in children with ASD are not solely due to intellectual ability (Rinehart et al. 2006; Green et al. 2009; Travers et al. 2013) , 70% of persons with ASD have an intellectual disability (ID) (La Malfa et al. 2004 ) and these children show more severe motor impairments compared to children with ASD and co-occurring ID (Green et al. 2009 ). Therefore, there is a need to develop targeted movement interventions to improve motor skills in children with ASD that involve minimal instructions. Exergames that provide visual cueing are simple interventions, requiring minimal verbal instruction, that may help improve gross-motor control in children with ASD and children with ASD and co-occurring ID.
Although visual feedback has been proposed as a strategy to improve motor control in children with ASD (Somogyi et al. 2016) , visuomotor integration deficits are a relatively consistent finding in this population (Masterton and Biederman 1983; Haswell et al. 2009; Dowd et al. 2012; Greffou et al. 2012; Papadopoulos et al. 2012; Ament et al. 2015; Nebel et al. 2016; Sharer et al. 2016) . Furthermore, there is evidence that children with ASD show impaired integration of visual cueing and feedback to modulate ongoing fine-motor Wang et al. 2015 Wang et al. , 2017 and gross-motor commands (Nayate et al. 2012) , with increased visuomotor integration demands associated with increased variability of motor output compared to TD children. Individuals with ASD also show deficits during whole-body gross motor tasks involving multi-modal integration of auditory and proprioception sources (Moran et al. 2013 ).
However, the effects of visual cueing via an exergame on gross-motor control has not been examined in children with ASD.
In the current study, we examined the effects of whole-body multi-modal integration of sensory input from visual and proprioception sources. In similarity to Moran et al. (2013) , we chose to cue the timing of a repetitive gross-motor task using a fixed cadence stimulus, however, instead of using a metronome auditory cue, a 2 Hz visual rhythmic cue was used. The purpose of this exploratory study was to examine the effect of an exergame with visual cueing on movement variability in children with autism. Because previous studies have documented increased gross motor variability in children with ASD, we first hypothesized that (1) children with ASD will be more variable in frequency and amplitude of hopping compared to TD children. Second, because of well documented impairments in visuomotor integration in children with ASD we hypothesized that (2) children with ASD, but not TD children, will have significantly greater hopping variability in frequency and amplitude of hopping during visual cueing (VC) compared to no-cue (NC) conditions.
MATERIAL AND METHODS

Participants
Seven children (10-15 years old) with parent-confirmed medical diagnoses of ASD and seven age-matched TD children without medical diagnoses of any neurological disorder were recruited for participation in the study (Table 1) . Participants were well matched for age, body mass, and height (Table 1 ). All parents confirmed diagnoses and that their child had: (1) normal (20/20) or corrected-to-normal vision (20/20) , (2) no history of lower limb surgery, and (3) no current orthopedic injury. The presence of comorbid psychiatric disorders was not formally assessed in either group. Three children in the ASD group and one child in the TD group did not complete the study due to behavioral issues. Two of the children in the ASD group that did not complete the study were non-verbal. Institutionally approved parental consent and child assent were obtained prior to participation. 
Instrumentation
Three dimensional (3D) kinematic data from a retro-reflective marker on the sacrum of each child was obtained using a 10-camera motion capture system (100 Hz; Vicon Motion Systems, Ltd.). Simultaneous kinetic data were obtained using two Kistler force platforms (1000 Hz; Kistler, Amherst, NY) that were mounted flush with the floor and positioned side-by-side.
Visual Stimuli
The visual stimuli (2 Hz bouncing ball) used in the VC condition was presented using a custom-built exergame (Idoneus Digital®, Vancouver, Canada) developed in Unity™. A frequency of 2 Hz was selected since it is close to the preferred frequency of human hopping where the center of mass behaves like a spring-mass system (Blickhan 1989) . The bouncing ball behaved as a perfectly elastic object under the influence of gravity, returning to the same height with each bounce. The game did not produce any sound, thereby only providing visual stimuli.
Procedure
During the experiment the children wore tight-fitting spandex shorts and their own athletic shoes. The two-legged hopping task was demonstrated by the experimenter standing in front of the child, however, the children were not given any instructions on how high to hop (Moran et al. 2013) . To reduce the influence of aberrant arm movements during the hopping task, the children performed the hopping task with their arms folded across their chest ( Figure 1) . A retro-reflective marker was affixed to the sacrum using double-sided and Cover-Roll Stretch® tape. Participants were then positioned so they were standing on both force plates. The force plates were 1.5 meters from a television (55 in LED display, 3840x2160 resolution, 120 Hz refresh rate, Polaroid, MN, USA) monitor that was mounted on a height-adjustable TV stand.
The TV height was adjusted so the center of the screen was set approximately at eye-level Each child performed three 20 second hopping trials in two conditions: (1) NC and (2) VC. At the beginning of each condition, the participants completed one full 20-second practice trial to ensure they understood the task. The NC condition was always performed first to reduce the effects of visual cueing on the self-selected hopping pattern.
In the NC condition the children hopped at a self-selected height and frequency for 20
seconds. In the VC condition, the children were instructed to hop in unison with the 2 Hz bouncing ball. Each trial lasted 20 seconds and two-minutes of rest were provided between trials.
Five minutes of rest were provided between conditions.
Post-Processing Procedures
All post-processing procedures were performed using custom scripts in Matlab software (Matlab 2017, Natick, USA). First, kinetic data were down sampled to 100 Hz to match the sampling frequency of kinematic data. Sacrum marker trajectories and kinetic data were filtered using a 4 th order low-pass Butterworth filter with cut-offs of 6 Hz and 25 Hz, respectively. A 25
Newton (N) cut-off was then used to identify ground contact (GC) and toe-off (TO) for each hop.
The first two hops of each trial were not included in the analysis with hops 3 to 27 selected for processing ( Figure 2 ). This number of consecutive hops were selected since each participant performed at least 25 consecutive hops, without stopping, in each trial.
Figure 2:
Sacrum marker, ground-reaction force (GRF) data, and event detection (ground contact and toe-off) for 25 consecutive hops during a single trial.
Hop Frequency and Amplitude Variability
Hop frequency (Hz) was calculated as the inverse of time in seconds (T) from GC to the subsequent GC (f=1/T). The mean hop frequency and coefficient of variation (CoV) [CoV = (SD/Mean)100] for each trial was calculated using the 25 consecutive hops within each trial.
Two measures of sacrum amplitude variability were examined for all hops within each trial: (1) absolute change in sacral marker amplitude from GC to minimum sacrum position (negative sacrum displacement; NSD) and (2) absolute change in sacral marker amplitude from TO to maximal sacrum height (hop height; HH) ( Figure 2 ). The CoV was calculated, using 25 consecutive hops within each trial, for NSD and HH.
Statistical Procedures
All statistical analyses were performed using SPSS 24 (IBM Corp., Armonk, NY). A two-way mixed ANOVA was performed with two between subject's factors (ASD and TD) and two within subject's factors (NC and VC). All data were assessed for normal distribution using 
RESULTS
There were no statistically significant interactions between group and cue type for (Table 2) . 
DISCUSSION
The purpose of this exploratory study was to determine the effect of visual cueing on gross motor movement variability in children with ASD. The main findings of this exploratory study were: (1) children with ASD were more variable in both hopping frequency and amplitude than TD children, in agreement with our hypothesis, and (2) visual cueing had no significant effect on hopping variability in frequency or amplitude in either group, in rejection of our hypothesis. However, a marginally significant group x cue interaction was observed for hopping frequency variability (p = 0.06) that suggested increased variability in the ASD vs. TD group with visual cueing compared to without visual cueing. Therefore, dynamic visual cueing as used in this study may not be effective at decreasing gross motor variability in children with autism.
No other study to date has examined the effect of an exergame, using dynamic visual cueing, on the variability of a gross-motor task in children with ASD.
The high variability of motor output in the ASD during the visual cueing condition indicates that the children in the ASD group had difficulties integrating visual input with motor output (Parma and de Marchena 2016) . Furthermore, children with ASD were unable to adequately match the 2 Hz visual cue. In the VC conditions, the ASD group deviated 21% from the 2 Hz visual cue, whereas the TD group deviated only 5%. However, the self-selected cadence of the TD group was closer to the 2 Hz cue (1% faster) compared to the ASD group (24.5% faster) and therefore motor commands would have been similar between conditions for the TD group. Future studies should use a wider range of frequencies to examine whether our observation that children with ASD are unable to match a dynamic visual cue are frequency dependent or specific to the visual and/or dynamic nature of the cue.
To our knowledge, only one other study has examined the effects of visual cueing on the variability of a gross motor task (Nayate et al. 2012) . Nayate et al. (2012) , examined the effect of visual spatial cueing on gait parameters in children with ASD and TD controls and found increases in stride length variability in the cued vs. un-cued conditions only in the ASD group.
Our findings somewhat agree with Nayate et al. (2012) since we observed no improvements in motor control in children with ASD using visual cueing, however, we did not observe significant increase in movement variability with visual cueing. Our findings may be explained by atypical multi-modal integration of visual and proprioception sensory input as previously demonstrated in persons with ASD (Cascio et al. 2012 ). This may result from an overreliance on proprioception over visual sensory input (Izawa et al. 2012; Marko et al. 2015) . Furthermore, deficits in tracking visual stimuli may also contribute to the ineffectiveness of visual cueing in altering the timing and variability of gross-motor output in children with ASD (Takarae et al. 2004 ).
In addition to visuomotor integration impairments in children with autism (Masterton and Biederman 1983; Inui et al. 1995; Gepner and Mestre 2002; Dowd et al. 2012; Greffou et al. 2012; Marko et al. 2015; Mosconi et al. 2015) , oculomotor deficits are also widely reported (Takarae et al. 2004 (Takarae et al. , 2007 (Takarae et al. , 2014 Wegiel et al. 2013; Freedman and Foxe 2017) . Deficits in both dynamic visual tracking and integration of visual input to update motor commands in children with ASD implicate the oculomotor and sensorimotor cerebellum. Cerebellum lobule VI is part of the oculomotor vermis and is consistently implicated in visuomotor learning tasks (Vaillancourt et al. 2006; Donchin et al. 2012; Neely et al. 2013; Moulton et al. 2017 ) and both structural and functional deficits of cerebellum lobule VI are consistently found in individuals with ASD (Courchesne et al. 1988 (Courchesne et al. , 1994 Skefos et al. 2014) . Furthermore, cerebellum lobule VI is implicated in anomalous autism-associated proprioception bias (Marko et al. 2015) and the severity of core ASD symptoms (Kaufmann et al. 2003; Rojas et al. 2006; Takarae et al. 2007 ).
Therefore, cerebellar structural and functional deficits in children with autism may limit the effectiveness of visual cueing stimuli to decrease gross motor variability.
Conclusions
In conclusion, this pilot study confirmed previous findings of high variability of motor output and supports visuomotor integration deficits in children with ASD. These findings have implications for the design of technological interventions to improve motor control in children with ASD. To the best of our knowledge, this is the first study to use biomechanics methods to examine the effect of an exergame on gross-motor variability in children with ASD. Future studies examining the effect of exergames on motor control in children with ASD should employ a larger sample size, control for IQ, control for ASD symptom severity, and utilize eye-tracking technology.
